Origin of the vertebrate body plan via mechanically biased conservation of regular geometrical patterns in the structure of the blastula  by Edelman, David B. et al.
lable at ScienceDirect
Progress in Biophysics and Molecular Biology 121 (2016) 212e244Contents lists avaiProgress in Biophysics and Molecular Biology
journal homepage: www.elsevier .com/locate/pbiomolbioOrigin of the vertebrate body plan via mechanically biased
conservation of regular geometrical patterns in the structure of the
blastula
David B. Edelman a, *, Mark McMenamin b, Peter Sheesley c, Stuart Pivar d
a Department of Psychological Sciences, University of San Diego, Serra Hall 158, 5998 Alcala Park, San Diego, CA 92110, USA
b 303 Clapp Laboratory, Mount Holyoke College, 50 College Street, South Hadley, MA 01075, USA
c Evergreen State College, 2700 Evergreen Pkwy NW, Olympia, WA 98505, USA
d Chief Scientiﬁc Ofﬁcer and Chairman, Chem-Tainer Industries, Inc., 361Neptune Avenue, West Babylon, NY 11704, USAa r t i c l e i n f o
Article history:
Received 27 May 2016
Received in revised form
24 June 2016
Accepted 28 June 2016
Available online 5 July 2016
Keywords:
Blastula
Gastrula
Evolution
Geometry
Morphogenesis
Vertebrate bauplan* Corresponding author.
E-mail addresses: dedelman@sandiego.edu (D.B
mtholyoke.edu (M. McMenamin), shepet12@evergre
chemtainer.com (S. Pivar).
http://dx.doi.org/10.1016/j.pbiomolbio.2016.06.007
0079-6107/© 2016 The Authors. Published by Elseviera b s t r a c t
We present a plausible account of the origin of the archetypal vertebrate bauplan. We offer a theoretical
reconstruction of the geometrically regular structure of the blastula resulting from the sequential sub-
division of the egg, followed by mechanical deformations of the blastula in subsequent stages of
gastrulation. We suggest that the formation of the vertebrate bauplan during development, as well as
ﬁxation of its variants over the course of evolution, have been constrained and guided by global me-
chanical biases. Arguably, the role of such biases in directing morphologydthough all but neglected in
previous accounts of both development and macroevolutiondis critical to any substantive explanation
for the origin of the archetypal vertebrate bauplan. We surmise that the blastula inherently preserves the
underlying geometry of the cuboidal array of eight cells produced by the ﬁrst three cleavages that ul-
timately deﬁne the medial-lateral, dorsal-ventral, and anterior-posterior axes of the future body plan.
Through graphical depictions, we demonstrate the formation of principal structures of the vertebrate
body via mechanical deformation of predictable geometrical patterns during gastrulation. The descrip-
tive rigor of our model is supported through comparisons with previous characterizations of the em-
bryonic and adult vertebrate bauplane. Though speculative, the model addresses the poignant absence in
the literature of any plausible account of the origin of vertebrate morphology. A robust solution to the
problem of morphogenesisdcurrently an elusive goaldwill only emerge from consideration of both top-
down (e.g., the mechanical constraints and geometric properties considered here) and bottom-up (e.g.,
molecular and mechano-chemical) inﬂuences.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).Contents
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and the development of the embryo from a single egg cell, all seem
miraculous at ﬁrst sight, and all remain largely unexplained.”
—Paul Davies
“The palm will be won by the one who can trace the formative
forces of the animal body back to the general forces that direct the
life of the universe.” —Karl Ernst von Baer1. Introduction
1.1. Animal form: a longstanding problem
Foremost among the unresolved problems confronting modern
biology is the origin of biological complexity, most notably that of
the shape and form of our own bodies. From Leonardo Da Vinci and
Vesalius to Gray’s Anatomy, anatomists have succeeded in providing
detailed descriptions of the musculoskeletal, organ, and nervous
systems. Yet, the problem of the origin of these and other aspects of
organismal form remains unresolved. Since the body develops from
the embryo, nineteenth century anatomists reasonably sought a
solution from the observation of early animal developmentdor
embryogenesis. By the end of the nineteenth century, the embry-
ological stages of nearly all major phyla had been characterized in
excruciating detail. But no answers were forthcoming, as the form
of the embryo seemed to emerge, in a sudden ‘phase shift,’ from a
mass of cells, giving no clue as to themechanism responsible for the
organization of that form. Moreover, while there must necessarily
be a relationship between the emergence of animal form during
somatic development and the advent of new phyla during evolu-
tion, the nature of this relationship is still poorly understood. For
example, the evolutionary transition frommarine tetrapods to land
vertebrates was recently illuminated by the discovery of Tiktaalik
roseae and other transitional forms (Shubin et al., 2006a, 2006b,
2014). Yet, the origin of the earliest ﬁsh remains a mystery and
we still seek a plausible explanation for the emergence of limbs
from ﬁns. Based on morphological similarities, amphioxus, the
larval stage of tunicate, and the Cambrian Pikaia gracilens Walcott
have each been suggested as possible precursors of early ﬁsh,
though the origins of these forms have not been explained (Morrisand Caron, 2012). In another example, Darwin gave a plausible
account of the emergence of different beak adaptations among
Galapagos ﬁnches (Darwin, 1859). Nevertheless, natural selection
doesn’t provide a mechanism that would explain the advent of
diverse beak designs, much less the overall morphology of the
members of the tanager family known as Darwin’s ﬁnches. On the
Origin of Species doesn’t actually address the rise of new species.
Rather, it confronts the question of how selection might work, once
myriad variations have been established (Darwin,1859). Recent work
highlighting the importance of genetic and epigenetic interactions
in the evolution of Darwin’s ﬁnches suggests that neither one nor
the other should be considered to have primacy in the emergence
of new species (Skinner et al., 2014). Themechanism underlying the
origin of radically new forms thus remains very much an open
question (for a comprehensive precis of the history and contem-
porary study of the origin of vertebrate form, see Onai and Kuratani,
2014; for a review of the problem of macroevolution, also see Vrba
and Eldredge, 2005).
The description of the conceptual model proposed here is fol-
lowed by an historical account of the problem of vertebrate form
and an outline of relevant scientiﬁc and philosophical consider-
ations. The authors beg the reader to suspend skepticism that such
a complex and longstanding problem is subject to a solution of
relative simplicity. Though neither rigorous nor exhaustive in an
empirical sense, our model offers an intuitive and plausible
description of the emergence of form via simple geometrical and
mechanical forces and constraints. The model provides a template,
or roadmap, for further investigation, subject to conﬁrmation (or
refutation) by interested researchers.1.2. Embryo geometry
The body plans of complex organisms are predominantly radi-
ally or bilaterally symmetric. Animals with radial symmetry have
vase-like bodies. Animals with bilateral symmetry comprise
segmented tubes with anterior heads, dorsal eyes, and pairs of
jointed and pointed limbs. All complex organisms initially develop
from an egg that cleaves alternately along the three spatial axes,
yielding eight cells arranged as the corners of a cuboid form.
Further divisions create the blastula, a ball of hundreds of cells of
fairly regular geometry derived from the earlier cuboid form
D.B. Edelman et al. / Progress in Biophysics and Molecular Biology 121 (2016) 212e244214(Fig. 1). The blastula resembles an earth-like sphere, its populations
of cells sequestered in north-south, east-west hemispheres,
ﬂoating, continent-like, on the liquid core of the blastocoel. The
model speculates that, like tectonic plates, these cell populations
have ‘drifted’ over eons, resulting in perturbation and deformation
of the original geometry of incipient animal forms. As will be
demonstrated later, the major bauplane could plausibly have
emerged from these cleavage patterns. ‘Embryo geometry,’ as weFig. 1. Blastulation, gastrulation, and embryonic fate map. a. Egg; bef. Cleavage; g-h.
structures that emerge following gastrulation. aaecc. Schematic organization of cell layersrefer to it here, makes certain predictions about the morphology of
animal forms that arise from global geometric constraints and
mechanical forces actingdin conjunction with local mechano-
chemical and cellular mechanismsdon the shapes that charac-
terize the organization of cell collectives in the early phases of
morphogenesis. The speculative model offered here characterizes
embryogenesis as a series of mechanically driven shifts in topology
constrained by the physical properties of size and shape. ThoughGastrulation; i. Schematic ‘fate map’ showing orientation of prospective embryonic
during early stages of development. aa. Blastula; bb. Blastocoel; cc. Gastrula.
D.B. Edelman et al. / Progress in Biophysics and Molecular Biology 121 (2016) 212e244 215we acknowledge the critical importance of relating this top-down
global process to bottom-up molecular and cellular dynamics in
achieving a comprehensive understanding of the rise of animal
form both during development and over the course of evolution,
we do not attempt such a synthesis in the present paper.
2. The model
The initial events as predicted by this model suggest the
emergence of either radial or bilateral morphologies as the blastula
membrane involutes during gastrulation, either symmetrically or
asymmetrically descending along the inside surface of the blastula
sphere, eventually reaching the bottom of the early embryonic
form. In symmetrical gastrulation, the separate segments of cell
layers meet at the opposite interior pole, where they join to project
upward and outward through the blastopore as tentacles (or, in the
case of plants, a cylindrical shoot that opens in circlets of leaves or
ﬂowers) (Fig. 2). In asymmetrical gastrulation, one of the longitu-
dinal hemispheresdthe future dorsal side of the bodydenters the
blastopore by a kind of subduction, clinging to the inner surface of
the vitelline membrane, but also remaining attached to the ventral
hemisphere that is drawn along concurrently. The curvature of the
dorsal hemisphere is reversed as it is laminated upon the ventral
hemisphere in a conﬁguration that establishes the early basis of the
vertebrate bauplan. The details of this process are graphically
depicted in Figs. 3e5.
2.1. Formation of the blastula
The ﬁrst three cleavages of the fertilized egg, through alter-
nating, orthogonal axes of space within the conﬁnes of the spher-
ical vitellinemembrane, generate eight cells arranged in a cube-like
formation. Subsequent cleavages yield the blastula, comprising
hundreds of cells conﬁned within the vitelline membrane as a
hollow ball with a wall one cell thick that encases a ﬂuid-ﬁlled core
called the blastocoel. The model hypothesizes that the cells of the
blastula retain the geometrically cuboidal axial subdivision of the
three initial subdivisions, with later subdivisions generating the
familiar left-right, anterior-posterior, and dorsal-ventral organiza-
tion of the bilateral body (Fig. 1aef). Further segmentation creates
subdivisions that, upon deformation during gastrulation and, later,
organogenesis, result in the organs of the archetypal vertebrate
body (Figs. 6 and 7).
2.2. Gastrulation
Gastrulation is characterized by a phase in which massive cell
proliferation induces the ball of cells of the blastula to begin
collapsing inward at its lower pole to form a two-layered, vase-
shaped form. This form is preserved in radial animals (Fig. 1).
Gastrulationdduring which an embryo forms its innermost,
middle, and outermost layersdoccurs early in the development of
all complex animals (Stern, 2004) and has, over the course of
evolution, been elaborated in a variety of ways reﬂected in the
appearance of later stages of development. At present, though, it is
not possible to account for either the intermediate stages between
gastrulation and later stages or their functional relevance.
The proposed model suggests that the involution of cells during
gastrulation, resulting from the expansion of the blastocoel and
consequent cell crowding, causes collectives of cells enclosed
within the subdivisions to be drawn inward toward a point of polar
involution. This results in the compression of zones of cells in the
lower hemisphere of the blastocoel and the expansion of zones of
cells in its upper hemisphere. Zones of cells in the lower hemi-
sphere are eventually compressed to such an extent that they formgirdles that are pinched off proximally, but remain attached
dorsally. It is surmised that these are the precursors of ﬁns and
limbs, while the large zones of cells in the upper hemisphere are
the precursors of the skull. In this view, the gridded inner layer of
the gastrula is the precursor of the pharynx (Fig. 1hei). The present
model proposes that the modern form of the gastrula is simply an
elaboration of the ancestral vertebrate gastrula, modiﬁed over the
course of evolution by the presence of an impenetrable yolk within
the egg that causes involuting collectives of blastula cells to
penetrate the narrow conﬁned space between the outer vitelline
membrane and the membrane of blastocoel in a process reminis-
cent of geological subduction. This sort of ‘subductive gastrulation’
is an observable feature of insect, frog, and ﬁsh embryogenesis. An
exampledthe mechanical events precipitating the emergence of
the frog bauplandis shown in Fig. 4.
2.3. Systemic morphogenesis
The present model suggests that the four main structural di-
visions of the vertebrate bodydthe musculoskeletal, cardiovascu-
lar, nervous, and reproductive systemsdall form concurrently
through the process of subductive gastrulation.
Following a phase of dramatic cell proliferation, the blastula
(which consists of a single layer of cells contained between the
blastocoel membrane and the extracellular membrane) enters its
own interior, creating an internal sheet of cells that will ultimately
yield the endoderm and ectoderm germ layers, precursors of the
visceral body and somatic body, respectively. Further proliferation
induces subductive gastrulation, wherein the dorsal side of the
future gastrula separates from its ventral side. At this point, the
dorsal side shifts its trajectory by 180-degrees, thereby inverting its
disposition with respect to the ventral side. The two sides reunite;
the inverted dorsal side is superimposed upon the ventral side as
the both sides progress around the periphery of the blastocoel. This
morphological ‘choreography’ ultimately leads to the generation of
the four principal structural systems of the vertebrate body
(Figs. 8e10).
2.4. Organogenesis and the appearance of the embryo
Organogenesis refers to that phase of development during
which the internal organs arise from the ectoderm, mesoderm, and
endoderm of the embryo. During this phase, the form of the em-
bryo emergesdseemingly precipitouslydfrom a precursor mass of
cells, i.e., the inner cell mass in mammals, the discoblast in birds,
and the germ band in insects. Because the seemingly abrupt
appearance and organization of the embryo (see Fink, 1991) have
eluded systematic characterization or explanation, embryogenesis
constitutes amysterious stage in development that has thwarted an
understanding of the origin of vertebrate form. The present model
seeks to ﬁll this explanatory gap in embryology by proposing that
the embryo emerges as a consequence of mechanical deformation
of the blastula resulting from subductive gastrulation.
Gastrulation begins at the equator of the blastula: a point of
minimal curvature providing the least resistance to penetration. In
vertebrates, the upper hemisphere of the blastula ultimately forms
the skull as the upper half enters by subduction, forming the roof
and sides of the cranium, the lower half folding beneath to form the
basal plate of the skull (Fig. 11). The apex of the inner mem-
branedthe precursor of the pharynxdfollows, folding in half to
form Meckel’s cartilage and the pteroquadrate of the jaws. In
sequence, the inner layer of the gastrula is then subducted, forming
the pharynx (Fig. 8). The dorsal midline follows, forming the
vertebrae, notochord, and nerve cord through the deformation that
occurs during the 180-degree turn of the inner layer during
Fig. 2. Schematic origin of radial and bilateral forms. The origin of phyletic diversity. Separate segments of cell layers meet at the opposite interior pole, where they join to
emerge upward and out through the blastopore as tentacles (or, in the case of plants, a cylindrical shoot that opens in circlets of leaves or ﬂowers.
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Fig. 3. Schematic organogenesis. a. Blastula; bef. Subductive gastrulation. The upper hemisphere of the blastula enters the interior at b, Reverses its trajectory, and draws both
sides within the forming gastrula (cef).
D.B. Edelman et al. / Progress in Biophysics and Molecular Biology 121 (2016) 212e244 217subduction (Figs. 12 and 13). The ventral side enters (in the absence
of subductive forces), forming the sternum, which comes to un-
derlie the spine and ribs. The ﬁns or limbs follow, their ﬁnal formresulting from the previously described compression of the lower
band of cells during gastrulation (Fig. 14).
Fig. 4. Subductive gastrulation in the developing frog (Rana) depicted in an early descriptive account. A. Appearance of blastopore; BeD. Process of subductive gastrulation; E-
F. After subductive gastrulation, the blastocoel has virtually disappeared. Reproduced from De Beer, 1928.
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It is axiomatic that the organs of the vertebrate body derive from
the three germ layers of the vase-shaped gastrula, the ectoderm
accounting for the skin and the nervous system, the endoderm for
the gut, and the intermediate mesoderm for the skeleton and
muscles (see Gilbert, 2013). The present model thereby offers a
schematic description of the mechanical transformation of the
primitive gastrula into the archetypal vertebrate body (Fig. 1aa, bb,
cc).
The single layer of cells of the blastula comprises the blasto-
meres, which are sandwiched between the outer vitelline mem-
brane, an extracellular membrane called the zona pellucida, and the
membrane that encloses the blastocoel. The further expansion of
the blastula, conﬁned to the space between the enclosing vitelline
membrane eventually results in a subduction event involving a
180-degree reversal of direction of one side of the developing
gastrula (this seems to be a prominent feature of ﬁsh, insect, and
vertebrate embryogenesis) (Fig. 4).
This second incursion of the membranes into the interior su-
perimposes one side of the ectoderm upon the other, producing the
dorsal and ventral sides of the body. Concurrently, the endoderm is
posed beneath the anterior of the emerging embryo as the jaws,
stomodeum, gut, and anus (Fig. 8).2.6. Musculoskeletal system
Though vertebrate limb development has been the subject of
much systematic investigation (Gilbert, 2013), attempts to deter-
mine the origin of bone morphology have not been fruitful. Limbs
are believed to be the result of the evolutionary development of
ﬁns, but the origin of ﬁns themselves has not yet been determined.
In the 19th century, anatomists attributed the origin of ﬁns to the
axial compression of the lateral fold in the ﬁsh embryo (Fig. 14m).
Well into the 20th century, researchers seeking a solution to the
problem of morphogenesis have been inﬂuenced by the reaction–
diffusion theory, ﬁrst proposed by Alan Turing, which suggests that
a three dimensional chemical grid speciﬁes and composes the
bones, akin to the action of a 3D milling machine (Prum and
Williamson, 2002; Turing, 1952). But, as yet, no experimental evi-
dence supports the reaction–diffusion model.
Anatomists categorize the bones of the skeleton as either ‘ﬂat
bones’ (e.g., membranous bones) or ‘long bones,’ the former
comprising the cranium, ilium, and sternum, the latter comprising
the limbs, or appendicular skeleton. The present model traces the
formation of the skull to the broad areas of the upper hemisphere of
the gastrula (Fig. 1), while the scapula and pelvic bones are
attributed to condensation via compression of zones of the lower
hemisphere of the blastula (Fig. 15). The model further proposes
that the ribcage and long bones of the limbs emerge from the
spherical-rectangle form assumed by segments of the gridded
surface of the spherical blastula as they are folded lengthwise and
experience compression at their ends during gastrulation (Fig. 15e).
A cursory examination of the ribs and long bones of the vertebrate
skeleton reveals the two observably exposed sides of the original
rectangular segment, i.e., an incomplete folding of the bones at
their ends, and thus supports the foregoing premise of the model
(also see Pivar, 2011).
The present model proposes the origin of the muscles as sec-
ondary structures resulting from the attachment of an overlying
membrane of muscle primordia over the forming skeleton, com-
parable to a tight-ﬁtting body stocking that sticks to the bony
protuberances and eventually splits and tears under tensile stress
(Fig. 16; see Sharir et al., 2011).2.7. The skull
The human skull is a particularly striking product of morpho-
genesis as it beautifully demonstrates the evolutionary process of
neoteny, i.e., the effect of delayed development relative to growth.
In fact, an increasingly delayed developmental trajectory has yiel-
ded an adult human skull that closely resembles its embryonic
form, thus simplifying the identiﬁcation of its constituent bones.
Anatomically, the architecture of the skull is characterized by three
tiers of ﬂat bones: two upper tiers and one lower tier. The ﬁrst
upper tier comprises the occipital, frontal, and paired parietals and
temporals, which together comprise the cranium; the second
consists of the sphenoid. The thirddor lowerdtier consists of the
ethmoid, which forms the basal plate of the skull. Here, we suggest
that the three-tiered organization of the skull originates from three
tiers of cells of the blastula (Figs. 6 and 11).
Williston observed that the constituent elements of an organism
tend toward a reduction in number over the course of evolution
(Esteve-Altava et al., 2013). Accordingly, as newer, further elabo-
rated vertebrate phyla appeared, the number of bones in the skull
decreased. This effect has been ascribed to the fusion of adjacent
bones (Esteve-Altava et al., 2013). An alternative explan-
ationdbased on an increasingly neotenized developmental tra-
jectorydwould be that, during morphogenesis of the skull in later
vertebrates, the larger initial segments fail to separate, a trend
exempliﬁed by the human skull which exhibits a pattern of pri-
mordial segmentation of the cranium (Fig. 17).
2.8. Nose, eyes, and ears
The model proposes that the vertebrate nasal and optic vesicles
emerge from the intersection of axial subdivisions of the upper
hemisphere of the blastula with its own upper and lower halves
(Figs. 1 and 18). The universal elongated vertebrate nasal bone (as
well as prognathism generally) is the mechanical consequence of
the narrowing and elongation of the cranium as it enters the
blastopore at the outset of gastrulation (Fig. 11).
2.9. Cardiovascular system
Consistent with the model of subductive gastrulation proposed
here, the dorsal side of the blastuladthe precursor of the arter-
iesdseparates from the ventral sidedprecursor of the veinsd-
producing the capillary system at the distal end of each.
Gastrulation inverts the dorsal side and then superimposes it upon
the ventral side, yielding the recognizable artery-vein conﬁgura-
tion. The previously described subductive ‘U-turn’ presents an
obstruction to the trajectory of the developing vascular confor-
mation, causing the tubular structure to compress as a loop that
moves from the vertical to the horizontal plane, establishing the
early conﬁguration of the heart (Figs. 9 and 19).
2.10. Nervous system
The present model suggests that afferent-efferent divisions of
the nervous system may be the result of the separation of dorsal
and ventral sides of the intersection of the blastula during sub-
ductive gastrulation, i.e., the inversion of the dorsal side and the
superposition of the two sides, one upon the other. The
morphology of brain follows from the compression of the neural
tube as it is forced into a 180-degree shift in trajectory via sub-
ductive gastrulation. This accords well with His’ demonstration of
the mechanical formation of recognizable brain morphology (His,
1874, Figs. 10, 12 and 13; also see Sheesley et al., 2014 and
Wedeen et al., 2012).
Fig. 5. Organogenesis of skull, jaws, pharynx, spine, and sternum. a. Blastula; bef. Subductive gastrulation. The pharynx is drawn into the interior at b, forming the alimentary
tract, reduced at e and f.
D.B. Edelman et al. / Progress in Biophysics and Molecular Biology 121 (2016) 212e244 2212.11. Reproductive tract
The fact that the spheroidal ovary, fallopian funnel, and sphe-
roidal testis resemble, in their morphology, the sensory vesicles of
the headdin particular the eye and optic cupdsuggests that the
reproductive tract originates at the intersections of cell populations
along the ventral midline of the developing embryo. It is proposed
here that these populations bifurcate laterally, but remain con-
nected at their basedforming the typical Y-shaped conﬁguration of
the reproductive tract. Notably, the developing insect ovary appears
as a gridded sphere that is reminiscent of the grid-like organization
of the vertebrate retina and the ommatidia of the insect eye
(Figs. 18, 20 and 21).
3. Embryological shortcuts: accounting for a ‘missing phase’
of vertebrate embryogenesis
Bilateral animals, including vertebrates and invertebrates,
such as crustaceans, spiders, insects, worms, myriapods,Fig. 6. Skull organogenesis. aonychophorans, and tardigrades, all pass through an early phase
of development in which they assume the form of a segmented
tube with jointed, pointed, paired, ventral legs, an anterior head
with dorsal eyes, and a ventral mouth with jaws (Damen, 2002;
Gilbert, 2013). But, well before this phase, many rounds of divi-
sion of the egg along three spatial axes yield, ﬁrst, a ball, and then
a two-layered, vase-like form. Here, we suggest that the most
mysterious phase of bilateral embryogenesisdand perhaps the
most important, morphologically speakingdis the manner in
which the vase-like form becomes a complex animal: the so-
called phylotypic stage of development. The descriptive me-
chanical solution presented here presumes an ancestral template
that has disappeared over the course of evolution as large-scale
movements of embryonic cell populations adopted ‘shortcuts’;
that is, these populations proceeded from their earliest location
in the gastrula directly to that of the embryo, in the absence of
intermediate ancestral stages (Balfour, 1880). The mechanism for
this evolutionary trend in animal development has been
explored at length elsewhere by Gould (1977).eg. Skull morphogenesis.
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Themechanism bywhich an extended sequence of cell divisions
produces essentially a reproduction of the complex body at each
developmental iteration is a central problem confronting themodel
proposed here. While a solution to this problem is beyond the
scope of the present paper, four processes may provide possible
clues, and thus warrant further investigation:
1. Hertwig’s Rule: During mitosis, a given cell divides along its
equator, leaving two cells compressed within an outer mem-
brane with axes orthogonal to (or 90-degrees from) the parent.
Hence, the resulting alternation of the axes of subdivision
sequentially through the three spatial axes generates the initial
eight cells that establish the lateral, dorsal-ventral, and anterior-
posterior of the body.
2. Tissue Polarity: The mechanism of tissue polarity, or planar cell
polarity, has recently been identiﬁed. It was determined that
certain ‘polarity genes’ orient cells by providing them with a
‘sense of position’with respect to a speciﬁc developing organ or
entire organism (Adler, 2002; Adler and Nathans, 2016).
3. Gene regulation and expression: Historically, the regulation and
expression of genes have been characterized as the means by
which animal form is speciﬁed. More likely, though, the timed
regulation of gene expression and coordinated activity of entire
gene circuits are important in specifying cycles of cell division,
differentiation, movement, and death (see Edelman, 1988, 1992,
2004), thereby providing overall constraints on the size and
local morphological attributes (i.e., digit and other skeletal
element numbers and shapes) of an otherwise relatively ﬁxed
phenotypic form.
4. Signaling pathways: Around two dozen major families of
signaling pathways have been identiﬁed in animals, most of
them devoted to development, morphogenesis, and embryo-
genesis (Gilbert, 2013; Marijuan, 2013). Of these, perhaps the
most relevant to the early phase of vertebrate development
described here are the Wnt, Hedgehog, Notch, and transforming
growth factor (or TGF) pathways (Gerhart, 1999).5. Evolution of animal form
5.1. Origin of radial and bilateral bauplane
The premise that, early in development, the membrane of the
gastrula may migratedor ‘drift’dwith respect to the blastocoel
that it encloses, suggests that a series of mechanical events,
informed and constrained by geometric principles, could plausibly
account for the origin of bilateral animal morphology. That is, the
bilateral body plan is likely the consequence of displacement of cell
populations within the apex of an initial radial blastula conﬁgura-
tion to a new position along a meridian during gastrulation. Me-
chanical instability induced by an increase in the number of
dividing cells and elongation of the polar axis of the forming gas-
trula is suggested here as a possible cause of the displacementdor
migrationdof apical cell populations. Such amigration event could,
for example, reasonably account for the anteriorly directed dispo-
sition of the distal segments of arthropod limbs (Fig. 22).
The premise that complex animal form arises from mechanical
forces acting on geometrically constrained populations of dividing
cells in the early embryo provides a new lens through which toFig. 7. Organogenesis of skull, jaws, pharynx, spine, sternum. a. Egg; bee. Cleavage; f. B
skeletal systems is shown here.view the processes of development and evolution, and perhaps a
signiﬁcant challenge to the dictumdpropounded by the Modern
Synthesisdthat evolution proceeds by selection of adventitious
mutations resulting from errors in DNA transcription.
6. Discussion
The origin of animal form remains one of greatest mysteries in
biology. Since the 19th century, biologists seeking to understand
the origin and evolution of life have observed and attempted to
describe the embryology of all multicellular animal phyla. This task
was assumed by many to be more or less complete by the turn of
the 20th century. Indeed, Balfour published a massive compen-
dium, A Treatise on Comparative Embryology (Balfour, 1880),
describing the detailed embryology of most of the dozens of
different phyla known at the time. Here, Balfour characterizes the
state of late 19th century embryology:
“The embryological record … is both imperfect and misleading. It
may be compared to an ancientmanuscript withmany of the sheets
lost, others displaced, and with spurious passages interpolated by a
later hand. The embryological record is almost always abbreviated
in accordance with the tendency of nature to attain her ends by the
easiest means. The time and sequence of the development of parts is
oftenmodiﬁed, and ﬁnally, secondary structural featuresmake their
appearance to ﬁt the embryo or larva for special conditions of ex-
istence. When the life history of a form is fully known, the most
difﬁcult part of his task is still before the scientiﬁc embryologist. Like
the scholar with his manuscript, the embryologist has, by a process
of careful and critical examination to determine where the gaps are
present, to detect later insertions, and to place in order what has
been misplaced.” (Balfour, 1880, p. 3)
Needless to say, the prodigious efforts of 19th and 20th century
embryologists did not produce a coherent view of emergent animal
morphology, either during development or over the course of
evolution. The origin of complex biological form has thus remained
a confounding enigma.
Modern developmental biology therefore remains very much a
descriptive science, save for the details of certain molecular
signaling pathways that deﬁne cell differentiation events, mor-
phoregulatory ﬁelds of expression, and the inﬂuence of cell and
substrate adhesion molecules on the fate of individual cells and cell
populations (Edelman, 1988, 1992, 2004; Gilbert, 2013; Marijuan
et al., 2015). Developmental biologists have not yet been able to
provide a robust explanation for the trajectory or order of observed
steps leading to themyriad known animal forms. The appearance of
an embryo from a small mass of cells offers no clue as to its origin
(see Fink, 1991). The embryo differentiates into the organs of the
body, exhibiting no discernable directive logic. This paper relates a
simple hypothetical mechanical reconstruction of a missing
embryological sequencedoccurring between the archetypal gas-
trula phase and appearance of the embryodwhich can reasonably
account for the origin of both embryonic and adult forms, as well as
their morphological trajectories both during individual develop-
ment and over the course of evolution.
The critical process of organogenesis, during which the verte-
brate embryo appears from a small collective of cellsdthe inner cell
massdhas never been observed or described by embryologists due
to the loss, over eons of evolution, of the initial ancestral steps that
led to the appearance of the embryo (but see Mammoto and Inber,lastula; gen. Gastrulation. The concurrent formation of the alimentary and musculo-
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organogenesis). This premise is consistent with the idea that the
evolution of complex organisms has proceeded through the addi-
tion of terminal stageseand concurrent deletion of initial stage-
sdduring embryogenesis (Gould, 1977). This model is a
reconstruction of these initial stages based on the plausible con-
sequences of deformation of the structure of the blastula during
gastrulation.
6.1. A growing sphere within a ﬁxed sphere: mechanical constraints
and animal morphology
In the early part of the 20th century, Oparin demonstrated that
lipid molecules form microscopic concentric spherical membranes
that alternately expand and divide in two (Oparin, 1924): a process
that, notably, is not genetically speciﬁed (see Lorch, 1952). A fact of
biology is that all cells are enclosed in lipid membranes. It follows,
from Oparin’s demonstration, that an expanding, ﬂexible, inelastic,
spherical cellular membrane within a ﬁxed spheredi.e., the
extraembryonic membranedshould, during development, assume
a sequence of predictable topological conﬁgurations as its surface
area increases. The inevitable emergence of such conﬁgurations is
reinforced by the fact that the cells in question are endowed with
cytoskeletal components and mechano-sensing pathways that
would be responsive to the force ﬁeld imposed by an enclosing
extraembryonic membrane.
The sequence of mechanical events that would necessarily
follow from an initially constrained ‘sphere-within-a-sphere’ to-
pology yields a model consistent with the form of the observed
vertebrate embryo, both at different developmental stages and
across phylogeny (see Jockusch and Dress, 2003).
6.2. The gastrea theory
The poet and biologist Johann Wolfgang von Goethe perceived
an underlying unifying pattern in all living forms. He believed this
pattern to be the result of the inheritance from a common ancestor,
or ‘Urform’. Contemporary biologists likewise seek the storied ‘last
universal common ancestor’ (LUCA). In the present paper, we
describe, in a sense, a model Urformdor LUCAdthrough schematic
visualization of predictable, geometrically prescribed patterns
resulting from the mechanical expansion and constrained defor-
mation of the concentric spherical membranes generally believed
to characterize the morphology the ﬁrst life forms.
The mechanical description proposed here echoes, to some
degree, Haeckel’s ‘Gastrea’ Theory, which posits that all metazoan
life originated from the gastrula: a self-organizing, vase-shaped,
bilayer biological life form that populated the primordial seas
(Haeckel, 1874). We suggest that the embryological basis of virtu-
ally all complex animal life begins with some variant of the gastrula.
Each of today’s three-dozen or so known phyla may have descen-
ded independently from one such variant based on the funda-
mental logic of the process of recapitulation, epitomized by
Haeckel’s familiar epigramdi.e., “ontogeny recapitulates phyloge-
ny”dthat the formative stages of embryogenesis comprise a
condensed repetition of the stages in the evolution of the species.
Haeckel formalized this tenet as the so-called Biogenic Law
(Haeckel, 1874; Gould, 1977).
The Biogenic Law was challenged by the famous school of
Entwicklungsmechanik, or developmental mechanics. Indeed, two
of Haeckel’s students, Hans Driesch andWilhelm Roux, provided a
notable experimental challenge through the mechanical manip-
ulation of the early embryo (Driesch, 1892; Roux, 1888). At about
the same time, Wilhelm His plausibly demonstrated the medul-
lary folding of the brain through compression of a rubber tubemodel (His, 1874). Echoing His’ model, an accurate mechanical
simulation of the surface convolutions of the brain in a plastic
model was recently published (Tallinen et al., 2016). Of more
general signiﬁcance, D’Arcy Thompson famously showed how the
growth and form of many organic structures might arise from the
inﬂuence of mechanical forces in the absence of genetic speciﬁ-
cation (Thompson, 1917). This paper seeks to complete the
reasoning implicit in the foregoing by demonstrating how the
nascent vertebrate form could result from the geometrically
constrained, mechanically driven organization of populations of
dividing cells.
Consistent with the premise that the study of evolutionary or-
igins might best be pursued in the early stages of simple organisms,
rather then the adult forms of complex organisms, the develop-
mental stages predicted by the present model can be compared
with both the embryological stages of tunicates and amphiox-
usdanimals believed to closely resemble the putative vertebrate
precursor (Figs. 23 and 24)dand the early developmental stages of
ﬁshes and other vertebrates, including the establishment of the
segmented endoskeleton, the mesoblastic layers, chondrocranium,
spinal column, ﬁns, and limbs. Here, Goodrich’s “Studies on the
Structure and Development of Vertebrates” provides a useful gen-
eral reference. This magisterial work includes a broad summary of
opinions on the origins of the vertebrate organs by the very anat-
omists, embryologists, and paleontologists who established the
modern study of vertebrate development (Goodrich, 1930).
6.3. Memory and cell position information
In the familiar phenomenology of memory, the deliberative,
volitional learning process is often seemingly forgotten, and
behavior is driven non-consciously by rote. We spout multiplica-
tion tables, oblivious of the underlying arithmetic. We speak with
no thought of syntax or grammar. Similarly, dividing cells arrange
themselves in stacks driven by mechanical forces and the proper-
ties of space. After repeating the same sequence over many itera-
tions for thousands of generations or millions of years, the
sequence becomes canalized, and it seems as if cell types come to
know their ﬁnal positions and the identity of their cellular neigh-
bors (Adler, 2002; Adler and Nathans, 2016). In early embryogen-
esis, populations of cells seem to take shortcuts to their ﬁnal
positions, oblivious of their ancestral dispositions. In a famous, oft-
repeated experiment, a living sponge is chopped up and put in a
beaker. Forty-eight hours later, it reassembles itself in apparent
disregard of the hundreds of millions of years of evolution needed
to lay down the sequence. It is this phenomenon of cellular orga-
nization that seems to obscure the logic behind the formation of the
embryo (Wilson, 1907).
Modern studies of the inﬂuence of geometric constraints and
mechanical forces on morphogenesis include a report of a com-
puter simulation of the generic and genetic mechanism in cleavage
and blastulation (Drasdo and Forgacs, 2000). Modern texts describe
the formation of the gastrula as the migration of the cells of the
blastula into its interior. Clearly, the expansion of the membrane
constituting the blastula, constrained as it is by the ﬁxed outer shell
of the vitelline membrane, will predictably force cells at the surface
to invade the interior of the blastula. At some point in evolution,
during the establishment of the phases of bilateral embryogenesis,
blastula cells somehow came to ‘know’ their ﬁnal destination and
will now form a gastrula even in the absence of the vitelline
membrane. Later, the cells of the gastrula rearrange themselves in
their new positions within the embryo, ‘forgetting’ the ancient
events that ﬁrst forced them into those new conformations. Any
observer of embryogenesis could easily conclude that it is guided
extrinsically by a central organizing code, i.e., DNA. But, that
Fig. 8. Jaw formation. aef. Gastrulation of somatic body and alimentary tract; gek. Origin of the vertebrate jaw; l. Formation of teeth in the human jaw.
D.B. Edelman et al. / Progress in Biophysics and Molecular Biology 121 (2016) 212e244 225
Fig. 9. Cardiovascular System. a. Blastula; b. Enlargement of endoderm layer; c. Separation of the artery and vein precursors; d-e. Onset of gastrulation; feh. Reassembly of artery-
vein conﬁguration; iek. Schematic depiction of heart formation; l. fully formed cardiovascular system.
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Fig. 10. Origin of the nervous system. aec. Separation of the afferent-efferent nerve primordia; d. Subductive gastrulation; eeg. Formation of the brain; h. Assembly of the
afferent-efferent nerve pattern; iel. Brain morphogenesis.
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Fig. 11. Skull formation. aed. Deformation of the upper hemisphere of the blastula resulting in formation of the skull (proﬁle view); eeh. Closure of the ventral side by lateral
compression (ventral view); iem. Oblique view of the above.
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Fig. 12. Formation of vertebrae, notochord, and nerve cord. a. Dorsal midline; b-c. Schematic cross section of vertebra morphogenesis via subductive gastrulation. a and b.
Formation of vertebrae; c. Enclosure of the notochord and nerve cord within the vertebrae.
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A common theme of the growth of a complex organism’s body is
the internal generation of new layers of tissue and the consequent
sloughing off of outer layers by molting of skin (or, in the case of
certain plants, the gradual shedding of bark). Moreover, the me-
chanical phenomenon of bursting due to internal pressure is
widespread in life. The near-universal patterned surfaces of hair,
feathers, and scales, which have previously been investigated
experimentally through classic manipulation of in vitro explant
cultures (Novel, 1973) and via in vitro and in vivo perturbation of the
expression of molecular determinants of cell fate (Gallin et al., 1986;
Mustonen et al., 2004; Wolpert, 1998), could plausibly be attrib-
utable to the gridded pattern of the cells of the ectoderm. Thepresent model suggests that the main leitmotifs of animal form are
largely prescribed by the various paths taken by cell collectives to
accommodate the inexorable forces of expansion and subsequent
compression under external constraint (see Jockusch and Dress,
2003). Indeed, the full gamut of complex living forms might plau-
sibly be considered as an inevitable result of the topological
expansion of a sphere within a sphere.6.4. Emergence of vertebrate morphology and the grand
evolutionary problem
The attempt to account for the vertebrate bauplan is part of the
larger problem of explaining the origin of all animal phyla
Fig. 13. Formation of brain and spinal column. Undulations in the membrane by compression prior to gastrulation induces formation of spinal column elements.
D.B. Edelman et al. / Progress in Biophysics and Molecular Biology 121 (2016) 212e244230generally. Critical to this problem is the question of whether the
three-dozen or so known phyla have a common ancestry or, alter-
natively, arose independently. This was the subject of a famous
series of public debates between Cuvier and Geoffroy Saint-Hilaire
in 1831, the outcome of which remained inconclusive (McBirney
et al., 2009).The current favored theory of vertebrate origins can be traced to
the observation by Kowalevsky that the free-swimming larva of the
sessile marine invertebrate tunicate resembles the tadpole larva of
the frog (Kowalevsky, 1866). Through the process of neoteny, the
developmental stage resembling the form of an adult tunicate is
presumed to have disappeared over the course of evolution, leaving
Fig. 14. Origin of vertebrate limbs. a. Limb girdle primordia; beg. Limb development; hek. Limb development; l. Relation of ﬁns to limbs (reproduced from Goodrich, 1930, p.
160); m. Origin of ﬁns by lateral compression (reproduced from Goodrich, 1930, p. 131).
Fig. 15. Limb development. aed. Ventral parting of limb girdle; e. Formation of archetypal primate (human) arm and leg; f. ‘South pole’ of blastula; gei. Formation of sacrum; j.
Segment of limb girdle; k. Distally directed displacement of sides; len. Formation of pelvis.
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were elaborated. But this interesting observation does not provide a
causal explanation for the origin of the form described. Notably,
Swalla suggests an alternative view of vertebrate origins:
“Tunicates, lancelets, and vertebrates have traditionally been
considered to be a monophyletic groupdthe chordatesdthat
shares ﬁve morphologic features: a notochord, a dorsal neural tube,
an endostyle, a muscular postanal tail, and pharyngeal gill slits …
For years, the chordate ancestor has been considered to be a ﬁlter-
feeding, tunicate-like animal with a tiny chordate tadpole larva.
However, recent evidence from my laboratory and others has
shown that the chordate ancestor was more likely a benthic worm
with a mouth and pharyngeal gill slits supported by cartilaginous
gill bars (Swalla, 2007).
Studies of the tunicate larvadwhich indeed bears resemblance
to the frog tadpolednevertheless offer no clue as to the origin of
the features cited. In fact, the resemblance between the tunicate
larva and certain lower vertebrates may simply be the result of
evolutionary convergence. Similarly, the well-known suggestion
that the Cambrian Pikaia is a likely vertebrate ancestor by virtue of
its resemblance to a primitive vertebrate form is highly speculative
(Figs. 22 and 23). We believe that the most plausible account of the
emergence of the vertebrates (and, in fact, all bilateral phyla) begins
with the self-organizing blastula: namely, the geometrically biased
and mechanically constrained outcome of the subdivision of the
zygote.
As previously noted, the bilateral animalsdvertebrates and in-
vertebrates, including insects, crustaceans, spiders, scorpions,
myriapods, tardigrades, and most wormsdshare the same overall
bauplan, comprising a head, dorsal eyes, ventral mouthparts, and a
tubular segmented body with pairs of pointed, jointed, hollow
tubular limbs attached ventrally to body segments (Damen, 2002).
This economy of form can be attributed either to the stochastic
inﬂuence of natural selection as enumerated by the Modern
Evolutionary Synthesis or more plausibly, we believe, descent from
a universal, common primordial developmental structure: namely,
the blastula.
The observable phenomena associated with differences in ani-
mal morphology fall largely under the under the rubric of hetero-
chrony: namely, proposed changes in the timing of the
developmental sequence (i.e., cell division and differentiation,
among others) as events move forward or backward within the
embryological trajectory, described most saliently by Gould (1977)
to account for considerable differences in the gastrulation phases of
frogs, birds, and humans, to say nothing of those of invertebrate
phyla.We propose that evolutionwithin a given phylum constitutes
a geometrically constrained mechanical alteration of the pro-
portionsdand necessarily the morphologiesdof the cell collectives
and, ultimately, organ systems, of an otherwise relatively ﬁxed
body plan during development. Though we fully acknowledge the
critical role of local molecular and cellular events during morpho-
genesis, here we conﬁne ourselves to the role of geometric con-
straints and mechanical forces on the formation of the embryonic
and adult vertebrate bauplane.
6.5. The inheritance of biological form
This paper proposes a coherent roadmap for the generation of a
complex organism from a single cell in one generation without the
exclusive guidance of a genetic code. The proposedmodel describes
phenomena, systems, and mechanisms through which self-
organized, archetypal morphologies may, on the one hand, be
reproduced accurately from generation to generation and, on theother, evolve over the course of hundreds or thousands of gener-
ations. The proposed mechanical processes by which a complex
bauplan may be accurately reproduced during development over
successive generations can reasonably be characterized as epige-
netic in nature. The term, ‘epigenesis,’ ﬁrst coined by Aristotle, has
since been assigned a variety of deﬁnitions. Here, we use the term
to refer to the positional accretion of the cell mass by sequential
additions, each depending on the position of the previous stage, all
in the absence of any kind of explicit instruction. This process is
comparable to the generation of a mass of foam, individual bubbles
assuming their positions through sequential mechanical events
constrained by geometrical properties related to size and material
density. Though seemingly counterintuitive, the plausibility of the
epigenetic process we propose is supported by recent discoveries
regarding the relationship between gene expression, cell division,
and differentiation, and the effects of mechanical induction on each
of these. Speciﬁcally, cell division and differentiation, and the in-
duction of gene expression, can be modulated by mechanically
predictable deformations of cells in the course of proliferation
(Farge, 2003; Piccolo, 2014; Deacon, 2013; Noble, 2015; Marijuan,
2013). Moreover, the maintenance, persistence, and self-repair of
the resulting complex tissue structures can be accounted for by
genetic regulation of cell polarization (Adler, 2002; Adler and
Nathans, 2016).
Embryonic and adult body plans are constructed by the
sequential subdivision of the fertilized egg, generated by its pre-
cursor, the germ plasm, which carries the genome across genera-
tions. If animal form is not encoded in the genome, what then
guides the formation of the individual embryo?Moreover, what has
determined the appearance of complex bauplane over the course of
evolution? These are critical questions facing modern biology. In
what follows, we summarize the argument that the vertebrate
body may plausibly be formed by the top-down, global geometry of
the stacking of subdividing cells, in conjunction with local, mo-
lecular processes that provide positional information and force-
ﬁeld sensitivity to the proliferating cells.
It is a reasonable presumption that three consecutive sub-
divisions of the egg cell should yield eight cells organized in a cube-
like arrangement. In a world of simple cube-shaped animals, there
would be no question of how a given egg cell develops into a new
animal. If each of the eight cells continues to subdivide at the same
rate, a body will result in the form of a still larger cube, consisting of
two sides, a front and back, and a top and bottom. The inheritance
of this form in each new generation is still plausible by the simple
subdivisions of the egg cell in alternating axes. However, in the
instance where the eight cells proliferate at different (i.e., unequal)
rates and continue to subdivide hundreds of times, the result will
be a highly complex structure. That such a form could reproduce
with reasonable ﬁdelity in the absence of explicit guidance would
no longer seem plausible. The present model supports the proposal
that plant and animal bauplane, however complex, are initially
formed by the global, geometrical stacking of cells whose local
properties are dictated and constrained by a heritable genome
contained in the germ plasm. A precursor of the egg, the germ
plasm is in turn maintained by biological mechanisms that reduce
the number of imperfect “rejects” caused by mechanical errors in
stacking.
Early embryogenesis begins with the generation of a double-
walled sphere, showing no visible patterning of its surfaces. The
present model posits that eons of lateral forces imposed by cell
crowding and a consequent deformation of cell collectives have
produced an implicitdand unobservabledseries of patterns that
guide further embryonic subdivision through directed vectorial
expansion and associated cell-cell signaling (see Marijuan et al.,
2015). At the same time, the process of heterochrony is believed
Fig. 16. Muscle development. a. Blastula; bek. Schematic showing development of skeleton within muscle membrane layers; ler. Schematic showing muscle envelopment; of
bones; sey. Schematic showing limb muscle development.
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Fig. 17. Evolution of the human skull. The William K. Gregory model, American Museum of Natural History. The Gregory model highlights the reduction in the number of
components in the skull during evolution (i.e., Williston’s law).
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Fig. 18. Development of the eye. aed. Schematic of eye morphogenesis; eeg. Extrusion of eye from cell intersections.
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in the embryo of neotenic animals until later in the embryogenetic
sequence (Gould, 1977; Hutson, 2008).
Complex life begins as three sequential divisions of the egg
produces a cube of eight cells, guided by the physics of alternating
mutually orthogonal division planes, thus establishing the easily
replicated, left-right, anterior-posterior, dorsal-ventral architecture
of the body. The eight cells then proliferate at different rates
dictated by possible contextual differences in the cytoplasm, i.e., a
given cell’s location at the top, bottom, or edge of the blastula or
changes in protein signaling cascades regulated by differential gene
expression. Thereafter, the activation of differentdpredominantly
mechano-chemicaldsignaling pathways will dictate speciﬁc
developmental programs contributing to further stages of
morphogenesis (Edelman, 1988, 1992, 2004; Marijuan et al., 2015).
Each generation repeats the stacking order of the previous gener-
ation, however complex. Since each generation may be reiterated
more or less intact for millions of years before additional stages
appear, the accurate reproduction of a lengthy morphogenetic
sequence would be ﬁxated and maintained by natural selection.
Still, the rate of rejection due to errors in stacking would be high.
Anomalies might be attributable to geometrical mishaps as well as
errors in gene transcription. In this regard, it is notable that while
abnormal births in humans are relatively rare, a high proportion of
fertilized eggs are aborted at early stages.
6.6. Modern evolutionary theory at a crossroads
The fact of evolution is widely acknowledged and has been a
central pillar of modern biology since prominent natural historians
(i.e., paleontologists, systematists, and evolutionary theorists) and
Mendelian geneticists began to reconcile ﬁndings from their
respective ﬁelds in the mid-1930s and forged what came to be
known as the Modern Evolutionary Synthesis little more than a
decade later (Bowler, 2003; Mayr, 1983; for a pre-Modern Synthesis
perspective, see Patten, 1920). However, despite broad acceptance
of this framework, the tempo and mode of evolution (see Simpson,
1984) have remained persistent points of controversy and debateamong contemporary biologists (Gould and Eldredge, 1977; Gould
and Lewontin, 1979; Coyne, 2008; Noble, 2015; Shapiro, 2011).
Indeed, Laland et al. (2015) recently suggested that evolutionary
theory is now at a major crossroads, due largely to the fact that the
Modern Evolutionary Synthesis has not satisfactorily incorporated
progress in developmental biology, genomics, and ecologydﬁnd-
ings that could otherwise greatly illuminate the pace, nature, and
mechanisms of evolutionary change. They propose a new frame-
work, the extended evolutionary synthesis (EES), which underlines a
prominent role for constructive developmental processes in evo-
lution and champions a reciprocal causal picture of organismal
change, i.e., the idea that “… organisms shape, and are shaped by,
selective and developmental environments” (Laland et al., 2015, p. 2).
Of particular relevance here is the authors’ emphasis on non-
random phenotypic variation: the idea that certain constraints or
biases during both development and niche construction strongly
inﬂuence the tempo and mode of evolution. The proposed me-
chanical description of morphological change during individual
development and over the course of evolution is, we believe,
entirely consistent with the concept of developmental bias in the
evolutionary process suggested by Laland et al. (2015).6.7. A challenge to genetic determinism
Despite its ambitious scope, themolecular revolution that began
with the characterization of the double helix and is now culmi-
nating with the complete sequencing andmanipulation of a variety
of animal genomes has not provided a satisfactory explanation for
the emergence of animal form. Indeed, Deacon (2013) suggests a
modern account of the role of the genes that challenges the notion
that DNA carries the blueprint for the body–a view that is consis-
tent with the model we propose here:
“So, although many popular accounts of DNA treat it as though it
contains the equivalent of a blueprint for building the body or else a
program or set of construction instructions, this modern variant of
preformationism is a considerable oversimpliﬁcation. It ignores the
information ultimately embodied in the elaborate patterns of
Fig. 19. Arterio-venous system. a-b. Hypothetical unidirectional ﬂow in blastula; c. Separation of dorsal and ventral sides during gastrulation; d-e. Reassembly of dorsal and ventral
sides; f. Formation of capillaries; g-h. Schematic of arterio-venous ﬂow.
Fig. 20. Ovary, testis and urogenital tract origins. aed. Bifurcation of gonad primordium; eem. Parallel schematics showing similar morphogenesis of eye and gonads; nep.
Reproductive duct formation.
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Fig. 21. Ovary, testis and urogenital tract origins. a, Extrusion of gonad primordial; b. Bifurcation; cef. Gastrulation.
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Fig. 22. Evolutionary origin of the bilateral body form by cellular ‘drift.’ aei. Formation of blastula; jen. Drift of apex to lateral position; oey. Gastropod mollusk development,
zedd, Cephalopod mollusk development; eeeii. Crustacean development; jjenn. Arachnid development.
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Fig. 23. Possible vertebrate precursors. a, Tunicate, larval ‘tadpole’ stage; b, Pikaia; c. Tunicate, sessile adult stage; d. Amphioxus; e. Cyclostome.
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expressed. The vast majority of this structural information is
generated anew in each organism as an emergent consequence of a
kind of ecology of developing cells. The structural information
passed on by the DNA nevertheless contributes sufﬁcient con-
straints and biases embodied in protein structure to guarantee that
in this information generation process, humans always give rise to
humans and ﬂies to ﬂies. But it also guarantees that every ﬂy and
every human is unique in myriad waysdeven identical twins. This
is because genes aren’t like assembly instructions or computer
programs. There is no extrinsic interpreter or assembly mechanism.
Patterns of gene expression depend on embryo geometry, and
changes of gene expression inﬂuence embryo geometry in cycle
upon cycle of interactions.” (Deacon, 2013)
7. Conclusion
The foregoing, we suggest, provides: 1) a plausible descriptionof the mechanical events in gastrulation that induce a variety of
animal bauplane during development and over the course of evo-
lution; and 2) a potential road map for future experimental work.
The proposed mechanical description could conceivably be vali-
dated through a variety of means, including observation of speciﬁc
tissue trajectories using molecular markers to label speciﬁc cells in
each of the three dermal layers of the gastrula. A research program
informed by this model may thus illuminate one of the enduring
mysteries of modern biology: namely, the origin of complex
vertebrate form.
This paper provides a hypotheticaldand largely graph-
icaldreconstruction of the mechanically driven events that both
yield individual vertebrate form during embryogenesis and ulti-
mately guided the emergence of multifarious animal bauplane over
the course of evolution. It reveals a different view of life than that
which has prevailed since the Modern Evolutionary Synthesis
nearly 70 years ago: namely that all major animal bauplane are
shaped by mechanical forces and organized via certain non-
random biases, rather than solely through selection of purely
Fig. 24. Integration of ‘visceral’ and ‘somatic’ components of the chordate body. A. Proposed origin of the visceral body within the prominent pharynx in early chordate taxa; B.
Resultant alimentary system in modern ﬁsh.
D.B. Edelman et al. / Progress in Biophysics and Molecular Biology 121 (2016) 212e244242stochastic events. Though natural selection may certainly have
played a critical role in stabilizing bauplane over many generations,we suggest that it is the interplay of geometric constraints and
mechanical guidance, as well as the reciprocal link between these
D.B. Edelman et al. / Progress in Biophysics and Molecular Biology 121 (2016) 212e244 243and local cellular and molecular events, that have given rise to the
rich profusion of complex animal morphologies on Earth.
Like a number of other scientiﬁc paradigms based on natural
and physical historical data, the foregoing description of vertebrate
morphogenesis (and the developmental history of the individual
and evolutionary history of vertebrate phyla onwhich it bears) does
not readily lend itself to empirical test. Nevertheless, such theo-
retical frameworks have previously been accepted as robust sci-
entiﬁc enterprises by virtue of copious corroborative (and even
predictive) examples. Notable instances include evolutionary the-
ory (e.g., descent with modiﬁcation) and the related sciences of
paleontology and geology, much of 20th century physics following
Einstein (e.g., the Bohr model of atomic structure and the principles
of quantum mechanics enumerated by Heisenberg and others),
modern cosmology (e.g., the big bang theory), anddperhaps most
far aﬁeldd archaeology (e.g., the founding of processual archae-
ology as a modern scientiﬁcdalbeit highly theoreticaldenterprise
[see Binford, 2001], among others).
Assessment of the plausibility of the foregoing descriptive
model must certainly be based on both qualitative and quantitative
evidence of its predictive power. There is no opportunity for com-
parisonwith othermodels, as there are currently no other causative
global mechanical models of morphogenesis extant in the modern
literature. The causal account that the model provides for the
development of complex vertebrate morphology is necessarily
presented by a speculative series of schematic images representing
sequences of key mechanical events during embryogenesis, akin to
a series of blueprints. The vastdand largely non-pictor-
ialdliterature on this subject does not offer a global mechanism to
explain the rise of diverse forms of animal phyla. Though highly
speculative, the model offered here may suggest just such a
mechanism. The homologous morphological resemblance among
the phyla may, in fact, be due as much to the inevitable topological
trajectory of the conﬁned expansion of a primordial spherical
membrane as it is to common ancestry. Accordingly, the choices
available to natural selection may be limited to the possible varia-
tions in proportions of the body parts of otherwise relatively con-
servative and invariant phyletic forms, rather than simply provided
by random genetic mutations resulting from errors in transcription.
Animal formmay thus be seen as the product of physical forcesdor
biasesdacting upon cells and populations of cells with very speciﬁc
and constrained geometric properties, rather than arising solely
from the vagaries of chance.
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